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Three Models of Wind-Gust Disturbances for the
Analysis of Antenna Pointing Accuracy

W. Gawronski!

This article develops and compares three wind models that are used to simulate
antenna servo errors. The first model represents wind forces acting on the antenna
dish, and it closely represents actual wind action. The second model represents
wind gusts as torque disturbances applied to the antenna drives. The third model
represents gusts acting at the antenna rate input. A wind filter introduced in this
article makes the wind gusts of the third model equivalent to the gusts of the second
model. The third model is of recent interest, since it is applicable to the currently
developed models of the antenna closed-loop systems.

Simulink models of the 34-m and 70-m antennas’ closed-loop systems were devel-
oped to simulate antenna servo errors in wind gusts. The article shows that for the
34-m and 70-m antennas all three models give similar results, and that the results
are comparable to the field measurements of the servo errors taken in wind.

[. Introduction

There are two known ways to model wind gusts acting on an antenna structure. See [2,3,5] and
Fig. 1(a) for the first one, where the wind-gust disturbances are modeled as force acting on the antenna
dish. The white noise of unit standard deviation is filtered by the Davenport filter (on the spectrum of
the Davenport wind gusts, see [6]) and appropriately scaled, with scale factor ky. This model is used
when an antenna finite-element model is available, and it includes forces at the dish panels. It is mainly
used during the design stage. The second model is presented as a time-varying torque, T, (t), acting at
the antenna drives [see Fig. 1(b)]. The wind torque adds up to the antenna drive torque, T, as illustrated
in Fig. 1(b), producing the total torque, T, acting at the structure. The Davenport filter again is used
to shape white noise into wind gusts, but a different scaling factor, k;, is now used. This model is often
used in antenna analyses, giving adequate approximation of servo errors. It is used, for example, when
antenna structure and antenna drives are modeled as separate units. There are models, however, where
antenna and drives are inseparable. Such is the case of the antenna rate loop model obtained from field
tests and system identification, where one obtains an integrated model of the antenna structure and the
attached drives. In this model, as shown in Fig. 1(c), the rate command is the input to the model, and
the encoder reading is its output, while the drive torque is an internal variable. In this situation, the
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Fig. 1. Wind-gust models: (a) Model 1, wind forces acting on the dish, (b) Model 2, wind torques acting at the
drive motors, and (c) Model 3, wind rate acting at the rate input.



only possible entry point for the wind-gust disturbances is the rate input. In this article we determine
the model of wind disturbances equivalent to the previous model. The equivalent model is obtained by
adding a filter with transfer function F' [see Fig. 1(c)]. The wind torques are now filtered to obtain an
equivalent rate input signal. The filter transfer function F' is such that the action of white noise [see
the model in Fig. 1(c)] causes the same servo error as the action of white noise in the model shown in
Fig. 1(b).

This article presents the development of the Davenport filter; the determination of force, ky, and
torque, ki, gains; and the determination of the filter transfer function, F', for 34-m and 70-m antennas.
It also compares servo errors in wind gusts produced by the three wind models and measured at the
stations.

Il. The First Wind Model: Wind Forces Acting on the Dish

In this model, as shown in Fig. 1(a) and described in [2,3,5], the wind gust is represented as a uniformly
distributed force acting on the antenna dish, either from its front, its back, or its side. The gust force is
obtained from the wind-gust velocity of unit standard deviation, Aw,; on the other hand, the velocity,
Auw,, is obtained from the Davenport spectrum. Consider first the determination of velocity Awv,.

A. Obtaining Wind-Gust Velocity from the Davenport Spectrum

The total wind velocity, v, is a combination of a steady-state or mean velocity, v,,, and a turbulence
(gust) velocity, Awv, i.e.,

v =0, +Av (1)

The gust component is a random process with zero mean and a spectrum called the Davenport spectrum.
The Davenport spectrum, S, (w), depends on average wind speed and terrain roughness and is given by

Bw

SU (W) = 4800’Um:‘<6 W

(2)

where 8 = 600/7v,,, and k is the surface drag coefficient, obtained from the roughness of the terrain (see

[5]):

fm— (3)

(2on(2))

In these equations, z is the distance from the ground to the antenna dish center (z = 17 m for a 34-m
antenna), and z, is the height of the terrain roughness (z, = 0.1 to 0.3 m at Goldstone, California). Thus,
K = 0.006 to 0.010 for the 34-m antenna. For the 70-m antenna, z = 35 m and z, = 0.1 to 0.3 m; thus,
k = 0.005 to 0.007.

The wind-gust velocity, Awv,, of unit standard deviation is obtained by applying a white-noise input
of unit standard deviation to a filter that approximates the Davenport spectrum. The unit standard
deviation is obtained by appropriate scaling of the filter gain. This filter is called a Davenport filter. The
filter transfer function is of fourth order and was obtained in [3] and [5] by adjusting the filter parameters
such that the magnitude of the filter transfer function best fits the Davenport spectrum within the antenna
bandwidth of [0.001, 20] Hz. The resulting filter transfer function is



3.9021s% + 230.14265% — 686.3151s + 3.4197

= 4
0.3315% + 38.2997s3 + 224.711852 4 22.7788s + 0.3538 )
The corresponding digital filter for a sampling time of 0.02 s is as follows:
0.15842% — 0.37652% + 0.2716z — 0.0534
Hy= ()

z4 —2.995123 + 3.089322 — 1.1930z + 0.0988

This filter is scaled such that, applying white noise of unit standard deviation, one obtains an output,
Aw,, of unit standard deviation as well.

The plots of the square root of the Davenport spectrum and of the magnitude of the filter transfer
function are shown in Fig. 2, and a sample of the wind speed generated by the filter is shown in Fig. 3.
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B. Obtaining Wind Force from Wind Velocity

In this section, we derive the time history of the wind-gust force. In order to do this, consider first a
steady wind for which the quadratic law relates its velocity, v,,, and force, F,:

F, = kpv? (6)

The constant kr depends on the scaling of the structural modal model. In our case, modes were scaled
such that a 161 km/h wind corresponds to a force of 4.4482 N. Thus, from the above equation, for this
case we obtain

kr = 0.0022 Ns? /m? (7)

where speed is in m/s and force in N. Equation (6) represents a steady (or static) wind force.

The next step is to obtain time-varying forces generated by wind gusts using the velocity time history,
Awv,. Consider a long enough time interval (e.g., 120 s or more). The wind speed over this interval can
be decomposed into its constant (or mean) component, v,,, and variable component, Av, of zero mean
value [see Eq. (1)]. We similarly decompose the corresponding wind forces:

F=F,+F, (8)

Variable F),, represents the steady-state (static-force) component. The wind-gust force variations, F,,
are related to wind velocity variations, Av, by expanding Eq. (6) in Taylor series. We obtain F,, =
(OF /ow)| Aw, and, since (OF/0v)| = 20, therefore

V=Um V=Um

F, = 2kpv,, Av 9)

We scale the wind-gust Av obtained in the previous section to obtain its unit standard deviation, i.e.,
we find the speed Av,(t) such that

A (t) = 200 (10)

Oy

where o, is the standard deviation of Av. However, the standard deviation of the wind gust is proportional
to the mean wind speed (see [4]):

Oy = QUp (11)

Combining Egs. (10) and (11), one obtains

Av = avpy Av, (12)

In the above equations,



a =6k (13)

and & is the surface drag coefficient [see Eq. (3)].

Introducing Eq. (12) to Eq. (9), one obtains the final relationship between wind-gust velocity and
force:

F, = kA, (14)
where
ky = 2kpav? (15)
For the 34-m and 70-m antennas, kr = 0.00223 Ns?/m?, and « = 0.20; thus,
ky = 8.9200 x 10~ %02, (16)

for speed in m/s and force in N. For 8.94-m/s wind, the force gain is k; = 0.0713 Ns/m.

lll. The Second Wind Model: Wind Torque Acting at the Drives

In this model, the wind torque disturbance is added to the drive torque. It is a time function, T, (t),
determined from the velocity gusts, Av,. This model is shown in Fig. 1(b), where the white noise is
applied to the Davenport filter. The filter output is the velocity gust Awv, of unit standard deviation,
which is consequently scaled to obtain wind torque that is added to the antenna drive torque. In this
model, the Davenport filter is identical to the filter presented in Section II. The scaling factor, k;, from
the velocity to torque is obtained from the wind quadratic law for torques, 7;,, and for steady wind speed,

Um:
T, = krv?, (17)

The constant k7 in this equation is particular for an antenna, antenna elevation position, antenna site,
terrain profile, and wind direction. It is determined as follows. First, the wind torque depends on wind
pressure, and the pressure-torque relationship was determined experimentally in wind tunnels?:3:* and
in field tests [4]:

T, = ¢;ADp, (18)

where D is the antenna dish diameter, m; A is the antenna dish frontal area, A = 7D?/4 m?; and ¢; is a
dimensionless torque coefficient. This coefficient depends on the wind direction and the antenna elevation
position, and it varies from —0.05 to 0.25.

2R. B. Blaylock, “Aerodynamic Coefficients for a Model of a Paraboloidal-Reflector Directional Antenna,” JPL Interoffice
Memorandum (internal document), CP6, Jet Propulsion Laboratory, Pasadena, California, May 1, 1964.

3N. L. Fox, “Load Distribution on the Surface of Paraboloidal Reflector Antennas,” JPL Interoffice Memorandum (internal
document), CP4, Jet Propulsion Laboratory, Pasadena, California, July 1962.

4N. L. Fox and B. Layman, Jr., “Preliminary Report on Paraboloidal Reflector Antenna Wind Tunnel Tests,” JPL Interoffice
Memorandum (internal document), CP3, Jet Propulsion Laboratory, Pasadena, California, February 28, 1962.



Next note that, similarly to the torque, the dynamic pressure of wind, p, depends on wind speed® [4]:
_ 2
DPn = QpU;, (19)

where «,, is the static air density and a, = 0.6126 Ns?/m? (pressure is in N/m? and velocity is in m/s).
Introducing Eq. (19) to Eq. (18), one obtains

T, = cra, ADv2, (20)
Comparing Eqs. (20) and (17), we obtain the quadratic law coefficient k:

D3
kr = ctapAD = ctozpﬂ-T (21)

For a 34-m antenna, D = 34 m, and for ¢; = 0.25 (front and side wind), one obtains k7 = 4661 Ns?/m.
The plot of the wind quadratic law, Eq. (17), for the above coefficient is shown in Fig. 4(a). For a 70-m
antenna, D = 70 m, and for ¢; = 0.25 (front and side wind), one obtains kr = 41,257 Ns?/m. The plot
of the wind quadratic law, Eq. (17), for the 70-m antenna is shown in Fig. 4(b).

The torque equation, Eq. (17), is valid for steady wind only. However, the wind-gust torque can

be derived from it using linear expansion. Indeed, it is determined from the velocity gusts, Awv,, by
linearizing Eq. (17), which gives

AT = 2kpv, Av (22)
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The above represents the antenna axis torque. The wind torque at the pinion axis, T, is the axis torque,
AT, divided by the axis-to-pinion ratio, IN,; thus, the pinion torque is also proportional to the velocity:

N AT o Qk‘TUn

Ty
NP NP

Av (23)

In simulations, we will use a wind-speed model with unit standard deviation Awv,(t). It was previously
derived that Aw,(t) is related to an arbitrarily scaled wind speed as in Eq. (12).

Introducing Eq. (12) to Eq. (23), one obtains

Tw = lftA’Uo (24)
where
QkTOt
kt = Np ’U?n (25)

For the 34-m antenna, kr = 4661 Ns?/m, a = 0.20, and N,, = 42; thus,
ke = 44.402, (26)

where speed is in m/s and torque in Nm. For the 70-m antenna, kr = 41,257 Ns?/m, a = 0.20, and
N, = 47 in azimuth and IV, = 56 in elevation; thus, for the azimuth axis,

k; = 351.102, (27)
where speed is in m/s and torque in Nm; and, for the elevation axis,
ky = 294.702, (28)

where speed is in m/s and torque in Nm.

The algorithm to generate a wind-gust torque for Model 2 is given in the Appendix.

IV. The Third Wind Model: Wind Acting at the Rate Input

In this model, the wind gusts are applied at the rate input. It is shown in Fig. 1(c), where the white
noise is applied to the Davenport filter; its output is the velocity gust Aw, of unit standard deviation,
appropriately scaled with gain k; to obtain wind torque. Next, the torque is filtered with filter F', which
produces a rate that is added to the rate input of the antenna. In this model, the Davenport filter and
the scaling factor, k;, are identical to the filter and factor presented in Section ITI. The task of this section
is to find the filter transfer function F' such that the encoder response to the wind disturbances is almost
the same as the response for wind Model 2.

In order to have the encoder response the same as in wind Model 2, the transfer function of the filter
should be the inverse of the drive transfer function. The drive transfer function, Fy(s), from the rate



input to the torque output is shown in Fig. 5 (solid line). Within the antenna bandwidth it can be
approximated with the integral, i.e., with Fy(s) = kq/s, where ky is the drive gain. The magnitude of
the approximate transfer function is shown in Fig. 5 (dashed line). Thus, the filter transfer function, as
an inverse of the approximate drive transfer function, is a derivative with the inverse gain

The corresponding discrete-time filter of sampling time At is as follows:

1 2z—-1

F(z)= 30
(2) T 2 A (30)
For the 34-m antenna, the drive gains are
7.11 x 10°  azimuth drive
kg = { ) ) Nms/deg (31)
7.58 x 108 elevation drive
For the 70-m antenna, the drive gains are
1.07 x 108  azimuth drive
= Nms/deg (32)
1.02 x 108 elevation drive

The algorithm to generate the wind-gust rate for Model 3 is given in the Appendix.
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V. Equivalence of the Wind Torque and the Wind Rate Models

The nature of the first model—which consists of wind forces acting on the dish—is different from the
second and third models, which consist of torque and rate signals acting on the antenna drives. Thus, the
first and second model and the first and third model can be compared only in statistical terms, such as
standard deviation of the resulting antenna servo error. However the second and third models are closely
related and can be compared directly. Namely, we compare the antenna encoder output due to the wind
gusts that are generated by the second model (wind torque) and by the third model (wind input rate).
In order to do this, we apply the white noise as shown in Fig. 1(b), with the position loop open. The
resulting elevation encoder reading is shown in Figs. 6(a) and 6(b). The plots show the encoder outputs
for the two wind cases are very close, indicating close equivalence of the second and third models.

VI. Closed-Loop Pointing Accuracy with Wind Disturbances

We simulated wind gusts using all three models, determined the antenna servo error in azimuth and
elevation for the front and side wind directions, and compared the obtained results with the field data.
The Simulink model was developed for the 34-m antennas and allows for simulation of three wind models,
shown in Figs. 7(a) and 7(b). The simulation results are given in Table 1, where they are compared with
the measured servo errors from [1]. The servo errors were measured repeatedly, and the table shows the
minimal and maximal values of the standard deviation of the errors. The table shows that the simulation
results are within the range of measurements, except for the elevation error in the front wind of Model 1,
which exceeds the measurements.

A similar model was developed for the 70-m antenna, and the simulation results are given in Table 2.
The field data were collected by David Girdner in November 1999; however, no wind direction was
recorded. The simulation results are close to the data, except for Model 1 in azimuth, for the reason
explained in [1].

ELEVATION ENCODER,
mdeg

ELEVATION ENCODER,
mdeg

TIME, s

Fig. 6. Open-loop elevation encoder response to the wind: (a) 40-s
response and (b) 10-s segment. Torque input is the solid line, and rate
input is the dashed line.

10



(‘uolreAl|3-sS019 = TIX PUB ‘UOITRA3I3 = 1T ‘YINWIZe = ZY) '€ [9POIA 10} EPUIM T3 pue EPUIM
ZV pue ‘'z [9PO J0} ZPUIM T3 pue ZpUIM ZV ‘T |9POIA 10} TPUIM 3pIS pue TPuIm luolj—sindul [9pow-puim aalyl yum waisAsgqns YNNILNY
ay1 (q) pue (YNNILNV paiouap) euusiue dooj-paso|d ayl uo Buijoe sjgpow puim aalyl yim (e) reuualue w-yg ayl Jo s|ppow yuijnwis /2 b4

ANVINWOD 2V

M4 0] OA wioly
Dy

.

, »—e——{aNIM L80dNTAVA|

HOLIMS

€ 13dOon
aNIM

HOLIMS

HOLIMS

_ e—4——— INIM L50dN3Ava|
><4—{ 0 |

¢ 13dOn
- 13 ANIM

VNN3ILNV

[

= VA

(e)

11



‘(‘pauoo) £ B4

puim Juoy Zpum z7v epum zv
v - —GD —C)
BA Y3IA0ON3 ZV
arel 7y 31vd NOINId ZV JAINA 2V
A YITI0YLNOD 2V
3 | wwod 7v
uiod 13X J4NLONYLS <
) o bl )
(Wng+(uxo=(uA <
ol 13 (Wng + (W)xv = (T +u)x -« INHA 13
_W_A YITTI0YLINOD 13 Wwos 3
juiod 73 | * -
= .
13 31vd NOINId 13
T
.A Y3AooN3a 13
- —CD —CD)
puim apis cpuim 13

£pUIM 13 @

12



Table 1. Standard deviations of 34-m antenna servo
errors, mdeg, due to 12.5-km/h wind gusts.

Front wind Side wind
Model/
field data Azimuth, Elevation, Azimuth, Elevation,
mdeg mdeg mdeg mdeg
Field data® 0.23-0.48 0.6-1.2 0.23-0.48 0.9-1.5
Model 1 0.33 1.73 0.30 1.02
Model 2 0.32 1.20 0.32 1.20
Model 3 0.44 1.21 0.44 1.07
aFrom [1].

Table 2. Standard deviations of 70-m antenna servo
errors, mdeg, due to 12.5-km/h wind gusts.

Front/side wind

Model/
field data Azimuth, Elevation,
mdeg mdeg
Field data? 1.3 2.1
Model 1 0.02 2.0
Model 2 1.7 2.0
Model 3 1.6 1.9

aMeasured and reported by David Girdner at the
DSS-14 antenna in November 1999.

VIl. Conclusions

In this article, wind-gust velocity of unit standard deviation and of the spectrum of the Davenport
filter was derived. This velocity was used to create three models of the wind forces acting on the antenna
dish and the torques acting on the antenna drives. The three wind-gust models were used in the analysis
of the antenna closed-loop model and the standard deviation of the servo errors in azimuth and elevation,
and for simulations of side and front winds, which were compared with previously collected wind data.
The simulations show that Models 2 and 3 are equivalent and that all three models produce servo errors
that match the field data.
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Appendix

Algorithms to Generate Wind Gusts

l. Algorithm 1
To generate a time profile of wind-gust torque (for Model 2), do the following:

(1) Apply white noise to the filter, H, with the following transfer function:

_0.15842% — 0.37652 + 0.27162 — 0.0534
47 24 2.995123 + 3.089322 — 1.1930z + 0.0988

and obtain time series of wind Aw(t). The above filter represents the Davenport wind-gust
model.

(2) Calculate oy, the standard deviation of Av(t).

(3) Divide Av(t) by o, obtaining wind speed with unit standard deviation

Av(t)

Oy

Av,(t) =

The standard deviation of Awv,(t) is 1.

14



(4) Scale Av,(t) by k¢ to obtain Ty, (t):
Ty (t) = ki Avy(t)

where

and v, is the mean wind speed, NN, is the gear ratio between the antenna main axis and

the drive pinion, k is the “wind quadratic law,” o = V6, and k = (2.5 ln(z/zo))d. In the
latter equation, z is the distance from the ground to the antenna dish center and z, is the
height of the terrain roughness.

ll. Algorithm 2
To generate a time profile of wind-gust rate (for Model 3), do the following:

(1) Follow the steps of Algorithm 1 to obtain T, (t).
(2) Filter T,,(t) to obtain w,,(t). Use filter F' with the transfer function as follows:

1 2—-1

F(z)=—"—
(Z) deAt

where kg is the drive gain from input u to torque 7" and At is the sampling time.
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